Recent research has revealed a conserved role for the actin cytoskeleton in the regulation of aging and apoptosis among eukaryotes. Here we show that the stabilization of the actin cytoskeleton caused by deletion of Sla1p or End3p leads to hyperactivation of the Ras signaling pathway. The consequent rise in cyclic AMP (cAMP) levels leads to the loss of mitochondrial membrane potential, accumulation of reactive oxygen species (ROS), and cell death. We have established a mechanistic link between Ras signaling and actin by demonstrating that ROS production in actin-stabilized cells is dependent on the G-actin binding region of the cyclase-associated protein Srv2p/CAP. Furthermore, the artificial elevation of cAMP directly mimics the apoptotic phenotypes displayed by actin-stabilized cells. The effect of cAMP elevation in inducing actinmediated apoptosis functions primarily through the Tpk3p subunit of protein kinase A. This pathway represents the first defined link between environmental sensing, actin remodeling, and apoptosis in Saccharomyces cerevisiae.
The budding yeast Saccharomyces cerevisiae has emerged as an important model organism for the study of eukaryotic aging and apoptosis. This yeast exhibits a finite replicative capacity and chronological aging characteristics which are highly analogous to those observed in higher eukaryotes (20) . In addition, aged yeast cells die in a predictable manner, exhibiting many of the hallmarks of apoptosis (16, 18) . A crucial factor in both cellular aging and apoptosis is the generation, release, and buildup of reactive oxygen species (ROS) in the mitochondria (reviewed in reference 2). The unregulated accumulation of ROS has been linked to the development of a number of neurodegenerative diseases, including amyotrophic lateral sclerosis and Alzheimer's and Parkinson's diseases (5, 26) , to cardiovascular disease, and to tumor formation (reviewed in reference 9). The elucidation of pathways which lead to ROS production and accumulation in eukaryotic cells is therefore of great significance.
Evidence from our laboratory has demonstrated that a strong correlation between ROS accumulation, apoptosis, and the dynamic state of the actin cytoskeleton exists in yeast (14) . We have also shown that an actin-mediated apoptosis pathway exists in yeast which is likely to arise from a tight interaction between the cytoskeleton and the Ras signaling pathway. Yeast Ras proteins are functionally interchangeable homologues of mammalian Ras. In both yeast and mammalian cells, the expression of constitutively active Ras, Ras ala18val19 and Ras val12 , respectively, results in the accumulation of ROS and a reduction of the life span (15, 29) . The regulation of Ras signaling has also been shown to modulate apoptosis in the fungal pathogen Candida albicans (25) . In yeast, Ras and cyclic AMP (cAMP) signaling coordinates cell growth and proliferation with nutritional sensing. The production of the secondary messenger cAMP is carried out by an adenylyl cyclase, Cyr1p, and can be stimulated by two mechanisms. One is the G proteincoupled receptor GPR1-GPA2 system (34) . The second is through binding of GTP-bound Ras and adenylyl cyclase-associated (Srv2p/CAP) proteins (35) . Elevation of cAMP levels leads to dissociation of the protein kinase A (PKA) regulator Bcy1p to yield active A kinases which elicit alterations in processes such as cell cycle progression and stress responses (32) . There are three A kinase catalytic subunits in yeast, encoded by TPK1, -2, and -3, which display overlapping and separable functions in response to activation by cAMP (4, 27) . However, some unique activities have been attributed to individual subunits; for example, it was recently shown that the loss of Tpk3p function specifically results in a significant reduction in respiratory function (4) . These data provide evidence to link Ras signaling and mitochondrial function, which in turn impact on oxidative stress management and the regulation of yeast aging (15, 19) .
Mutations in certain actin regulatory proteins (End3p and Sla1p) lead to the accumulation of aggregates of F-actin and the development of apoptosis. Typically, mutant cells display a loss of mitochondrial membrane potential and a massive increase in ROS levels (13, 14) . These effects can be prevented by overexpressing the negative regulator of Ras signaling, PDE2 (13) . Pde2p catalyzes the hydrolysis of cAMP to AMP, thereby downregulating signal transduction through the Ras pathway. A key question remaining is how the Ras pathway is activated in cells and whether changes in actin dynamics can provide a physiological trigger for Ras activation. A potential candidate to link actin dynamics to Ras signaling is the protein Srv2p/CAP. Srv2p/CAP is a highly conserved protein that is able to bind to actin, regulate actin dynamics, and facilitate signaling through the Ras pathway (12) . Srv2p/CAP binds preferentially to ADP-G-actin via its C-terminal domain (23) and can associate with actin filaments through an interaction be-tween a proline region and the SH3 domain of actin binding protein 1 (Abp1p) (11) . The N terminus of Srv2p/CAP has been shown to facilitate the constitutive signaling of the ras ala18val19 allele in S. cerevisiae (12) . Srv2p/CAP is therefore an attractive candidate to link Ras signaling to actin reorganization. However, clear evidence for this link has been absent. Indeed, previous research has demonstrated that the adenylyl cyclase and actin regulatory functions of Srv2p/CAP are separable and distinct (12) . Here we present data which demonstrate that Srv2p/CAP-dependent actin stabilization leads to hyperactivation of the Ras signaling pathway. Furthermore, the resultant elevation of cAMP leads to further stabilization of actin structures and to cell death exhibiting characteristic features of apoptosis. We also show that this pathway signals through a novel function of PKA, primarily through the Tpk3p subunit.
MATERIALS AND METHODS
Yeast strains, plasmids, media, and growth conditions. Unless stated otherwise, cells were grown in a rotary shaker at 30°C in liquid YPAD medium (1% yeast extract, 2% Bacto peptone, and 2% glucose supplemented with 40 g/ml adenine). The yeast strains used in this study are listed in Table 1 . mat␣ strains deleted for PDE2 (KAY812), TPK1 (KAY818), TPK2 (KAY819), and TPK3 (KAY867) were obtained from open biosystems (accession numbers YOR360C, YJL164C, YPL203W, and YKL166C, respectively). PDE2 was deleted in KAY818, KAY819, and KAY867 by using the oligonucleotides oKA479 (5ЈAT GTCCACCCTTTTTCTGATTGGAATACACGAGATTGAGAAATCTCAA ACCGGATCCCCGGGTTAATTAA3Ј) and oKA480 (5ЈCTATTGTGGTTTC TTGTGTTCATCCAGTATTCTTTATTGATTTTGACATGAATTCGAGCT CGTTTAAAC3Ј). SRV2 and TPK3 were deleted in KAY450 by using the oligonucleotides oKA482 (5ЈATGCCTGACTCTAAGTACACAATGCAAGG TTATAACCTTGTTAAGCTATTCGGATCCCCGGGTTAATTAA3Ј) and oKA483 (5ЈTTAACCAGCATGTTCGAAAACAGCAGATTTGAACTTACC ATCAGCGAAGCGAATTCGAGCTCGTTTAAAC3Ј) (SRV2 deletion) or oKA509 (5ЈATGTATGTTGATCCGATGAACAACAATGAAATCAGGAAA TTAAGCATTACCGGATCCCCGGGTTAATTAA3Ј) and oKA510 (5ЈTCTTT CATTAAATCCATATATGGATCCTCCCCTTGAATTCCATAGTTGAAGA ATTCGAGCTCGTTTAAAC3Ј) (TPK3 deletion). All deletions were generated using a HIS3 replacement vector as previously described (21) . Plasmids used to express Srv2p/CAP and various truncations have been described previously (12) . The plasmid used to express Pep4p-enhanced green fluorescent protein (Pep4p-EGFP) was also described previously (22) .
Active Ras2 assays. Pull-down assays for active Ras2p in cell extracts were performed by using a purified glutathione S-transferase (GST)-tagged active Ras binding domain (RBD) as previously described (6) . Ras2p was detected on Western blots by using goat anti-Ras2 polyclonal antibodies at a dilution of 1:250 (SC-6759; Santa Cruz Biotechnology). Active Ras2p was detected in vivo by using an overlay approach, as follows. Cells were grown overnight to stationary phase before being fixed in 4% formaldehyde for 1 h. The fixed cells were then incubated with GST-RBD plus 1 mg/ml bovine serum albumin in 1ϫ phosphatebuffered saline for 1 h at room temperature. GST-RBD was then detected using a polyclonal anti-GST antibody (1:100 dilution). Cells were then treated as for immunofluorescence assays, as previously described (14) .
cAMP measurements. Cells were grown overnight in YPAD to early stationary phase, and the cell density was determined in triplicate with a Schärfe Systems TT cell counter and analyzer. One milliliter of culture was then harvested by centrifugation. Extracts were prepared by resuspending the pellet in 1 ml of 10% trichloroacetic acid and freeze-thawing the suspension three times. After centrifugation at 14,000 rpm for 2 min, the supernatant was removed and extracted five times with 2 ml of ether. The aqueous fraction was then dried in a speed vacuum and resuspended in assay buffer. The samples were assayed using a cAMP Biotrak enzyme immunoassay system (Amersham) according to the manufacturer's instructions. All samples were performed in triplicate, and final calculations take into account variations in the starting cell number.
Latrunculin A treatment and halo sensitivity assay. Latrunculin A (LAT-A) was added to YPAD medium to a final concentration of 60 M and inoculated with KAY450 (⌬end3) cells. The same inoculum was applied to untreated YPAD medium. Cultures were then grown overnight to early stationary phase, and their cell densities were assessed using a Schärfe Systems TT cell counter and analyzer. For LAT-A halo assays, 10 l overnight culture was added to 2 ml yeast extractpeptone-dextrose (YPD) and 2 ml 1% sterile agar. The cells were poured onto a YPAD plate and cooled, and then sterile disks containing LAT-A at a concentration of 5 mM were placed onto each plate. Experiments were carried out in triplicate. Plates were incubated at 30°C for 3 days.
Apoptosis marker detection using flow cytometry. To assess ROS, cells were grown overnight to stationary phase in the presence of 5 g/ml 2Ј,7Ј-dichloro dihydrofluorescein diacetate (H 2 -DCFDA; Molecular Probes). The mitochondrial membrane potential (MMP) was assessed in cells by the addition of 3,3Ј-dihexyloxacarbocyanine iodide (DiOC 6 ) to the medium to a final concentration of 20 ng/ml and incubation for 20 min with rotation at 30°C in the dark. Propidium iodide uptake was assessed by its addition to cultures at a final concentration of 20 g/ml and incubation for 20 min. Cells were vortexed briefly prior to analysis, and fluorescence was analyzed using a cyan ADP flow cytometer (Dako Cytomation). The resultant data were processed with Summit software (Dako Cytomation).
Viability assays. Viability assays were carried out as previously described (13) . Briefly, cells were grown in liquid YPD medium. Cell numbers were determined in triplicate with a Schärfe Systems TT cell counter and analyzer. Serial dilutions were plated onto YPD agar plates, and the number of surviving colonies was counted. Percent viability was determined by dividing the number of surviving colonies by the calculated number of plated colonies.
Fluorescence microscopy. Rhodamine-phalloidine and DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining was performed as previously described for F-actin (14) . Cells were processed for immunofluorescence microscopy as described previously (14) . Mitochondria were visualized using DiOC 6 (Molecular Probes) at 20 ng/ml as previously described (14) . Antibodies used to detect Srv2p (a gift from D. Drubin, University of California at Berkeley, CA) and Cyr1p (a gift from T. Kataoka, Department of Physiology II, Kobe University School of Medicine, 
RESULTS
Ras signaling is hyperactive in mutant cells with stabilized actin. Mutations in certain actin regulatory proteins which stabilize the actin cytoskeleton, such as deletion of End3p (⌬end3) or the actin regulatory region of Sla1p (sla1⌬118-511), result in the accumulation of large aggregates of F-actin and a massive accumulation of ROS in the stationary phase of growth (13) . Stationary phase is a quiescent state, which yeast cells enter as they exhaust the available nutrient supply. It is characterized by morphological and biochemical changes, such as cell cycle arrest, cell wall thickening, acquisition of thermotolerance, and accumulation of reserve carbohydrates. The accumulation of ROS and the cell death that occur in actinstabilized stationary-phase cells can be prevented by overexpression of the high-affinity cAMP phosphodiesterase Pde2 (13) . Since PDE2 is a negative regulator of Ras signaling, we wished to establish the status of this pathway in stationaryphase actin-stabilized cells. Initially, we examined the localization of the regulatory GTPase Ras2p by immunofluorescence. In wild-type cells, Ras2p is cytoplasmically distributed and shows little colocalization with the cortical F-actin cytoskeleton (Fig. 1A) . However, in actin-stabilized ⌬end3 and sla1⌬118-511 cells, Ras2p localizes to punctate foci around the plasma membrane of the cell (Fig. 1A) . To investigate whether the membrane-associated Ras2p was in a GTP-bound active form, we made use of a previously described assay (6) . In this assay, the purified GST-bound Raf RBD is used to specifically pull down active Ras from cell extracts (as described in Materials and Methods). Active Ras2p could not be detected by this method in wild-type stationary-phase cells, but a significant amount was pulled down from a protein extract prepared from a ⌬end3 mutant culture grown under the same conditions (Fig.  1B) . Active Ras2p was also pulled down from extracts prepared from sla1⌬118-511 cells by using this method (data not shown).
To confirm that Ras2p was activated in ⌬end3 cells in vivo, we performed an overlay experiment using the GST-RafRBD binding principle described in Materials and Methods. In wildtype cells, active Ras2p staining was diffuse, while in ⌬end3 cells a discrete localization around the cell periphery was observed ( Fig. 1C) . These data confirm that Ras2p is predominantly in the active state in actin-stabilized stationary-phase cells.
Hyperactivation of Ras2p should result in the elevation of cAMP. We therefore determined the cAMP levels in wild-type, ⌬end3, and sla1⌬118-511 stationary-phase cells. Wild-type cells contained about 200 fmol of cAMP per 10 7 cells. However, in cells lacking End3p and in sla1⌬11-511 mutant cells, there were 3.2-and 2.1-fold increases in the cAMP level, respectively, compared to that in wild-type cells (Fig. 1D) . Thus, the activation of Ras2p in actin-stabilized stationary-phase cells is accompanied by an increase in cAMP.
Actin dynamics modulate Ras2p activation and apoptosis. We had previously observed that the addition of low levels of the actin monomer-sequestering drug LAT-A to cultures at the time of inoculation could inhibit the formation of actin aggregates in stationary-phase ⌬end3 cells (C. Gourlay, unpublished observations). To establish the lowest concentration of LAT-A which could prevent actin aggregation in ⌬end3 cells but allowed normal growth to occur, we examined the effects of concentrations ranging from 10 to 100 M (data not shown). It was established that the optimal concentration that met these criteria was 60 M (data not shown). We therefore investigated the effects of directly inhibiting actin aggregation by the addition of 60 M LAT-A on Ras2p activation and apoptosis in ⌬end3 cells. Initially, we examined whether LAT-A addition was sufficient to prevent Ras2p activation in stationary-phase ⌬end3 cells ( Fig. 2A) . The pronounced cortical distribution of active Ras2p observed in ⌬end3 stationary-phase cells was greatly reduced in LAT-A-treated cells (Fig. 2B) , which is in line with the hypothesis that actin stabilization leads directly to Ras2p activation. We next examined the effect of LAT-A treatment on the accumulation of ROS and the aggregation of F-actin in stationary-phase ⌬end3 cells ( Fig. 2B and C). F-actin and ROS were visualized in fixed ⌬end3 cells that had either been treated or left untreated with LAT-A during growth (Fig.  2B ). F-actin aggregates and high ROS levels, as indicated by intense 2Ј,7Ј-dichlorofluorescein (DCF) fluorescence, were observed in stationary-phase ⌬end3 cells, as previously reported (13) . However, in ⌬end3 cells treated with LAT-A, the cortical F-actin cytoskeleton appeared as punctate patches reminiscent of those in wild-type stationary-phase cells (Fig. 2B) . The observed reduction of actin aggregation in LAT-A-treated ⌬end3 cells is suggestive of a more dynamic actin cytoskeleton. In addition to this observation, LAT-A-treated ⌬end3 cells displayed greatly reduced levels of ROS, as indicated by reduced levels of DCF staining (Fig. 2B) . To verify that LAT-A addition could also prevent the apoptosis observed in ⌬end3 cells, we used flow cytometry to measure ROS levels and propidium iodide uptake in LAT-A-treated and untreated ⌬end3 cells (Fig. 2C ) in combination with a viability assay on the same cultures (Fig. 2D) . A positive control for necrotic cells (see Materials and Methods) was also included to allow the identification of true apoptotic cells (Fig. 2C) . As shown in the representative histograms, ⌬end3 cells exhibited high levels of ROS and low propidium iodide uptake, which is suggestive of a predominantly apoptotic population (Fig. 2C ). The addition of 60 M LAT-A to ⌬end3 cell cultures prevented ROS accumulation, suggesting a shift to a nonapoptotic population. To verify that the inhibition of ROS accumulation upon LAT-A treatment results in reduced levels of cell death, we conducted viability assays under the same conditions (Fig. 2D) . We found that the addition of 60 M LAT-A to ⌬end3 cells resulted in an increase in viability, from 22% Ϯ 10%, observed for ⌬end3 cells, to 62% Ϯ 7% (Fig. 2D) . These data argue strongly that F-actin stabilization can trigger Ras2p activation and apoptosis.
Components of the cAMP generation machinery localize to actin aggregates. The effective transduction of an active Ras signal requires a complex of GTP-bound Ras, Srv2p/CAP, and adenylyl cyclase (Cyr1p). We considered that stabilizing the actin cytoskeleton may trigger constitutive Ras signaling by bringing Srv2p/CAP, Cyr1p, and Ras2p together in a complex. We examined the localization of Cyr1p and F-actin in wild-type and sla1⌬118-511 stationary-phase cells. The wild-type distri-VOL. 26, 2006 STABILIZED ACTIN LEADS TO Ras ACTIVATION AND APOPTOSIS 6489 bution of Cyr1p appeared to be punctate, and the protein did not localize with cortical F-actin patches (Fig. 3A) . However, in sla1⌬118-511 cells, a proportion of Cyr1p staining was observed to localize with actin aggregates (Fig. 3A) . The same localization of Cyr1p to actin aggregates was observed in ⌬end3 cells (data not shown). Srv2p/CAP also colocalized with actin aggregates in sla1⌬118-511 stationary-phase cells (Fig.  3B) . No colocalization was observed between actin and Srv2p/ CAP in wild-type stationary-phase cells, as previously described (13; data not shown). Srv2p/CAP is required for actin aggregation and ROS generation. Srv2p/CAP is able bind to adenylyl cyclase via its N-terminal region (12) and to G-actin via its C terminus (10, 23) . It also localizes to cortical F-actin structures via a central polyproline-containing region (11) . It is therefore a good candidate to link Ras/cAMP signaling to cytoskeletal dynamics.
FIG. 1. Ras/cAMP pathway is hyperactivated in actin-stabilized cells. (A)
Immunofluorescence was carried out to show colocalization of F-actin (red) with Ras2p (green) in wild-type, ⌬end3, and sla1⌬118-511 stationary-phase cells, as described in Materials and Methods. (B) To determine the state of Ras2p activity, GTP-bound Ras2p was detected in extracts prepared from wild-type and ⌬end3 stationary-phase cells by a pull-down method using purified GST-RafRBD, as described in Materials and Methods. (C) The activity of Ras2p was also investigated in vivo using immunofluorescence to show colocalization of F-actin (red) with active Ras2p (green). This was achieved by overlaying fixed wild-type and ⌬end3 stationary-phase cells with purified GST-RafRBD (see Materials and Methods) and utilizing anti-GST antibodies to detect RafRBD localization. Bar ϭ 10 m. (D) An assay to determine the cAMP levels in wild-type, ⌬end3, and sla1⌬118-511 stationary-phase cells was carried out in triplicate using a nonradioactive immunoassay (see Materials and Methods). Error bars represent standard deviations.
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GOURLAY AND AYSCOUGH MOL. CELL. BIOL. We hypothesized that deletion of Srv2p/CAP from actin-stabilized ⌬end3 cells may reduce ROS accumulation by downregulating Ras/cAMP signaling. To test this hypothesis, we generated a ⌬end3 ⌬srv2 double mutant strain. In agreement with our hypothesis, stationary-phase ⌬end3 ⌬srv2 mutant cells failed to accumulate the high levels of ROS observed in ⌬end3 cells (Fig. 4A) . In order to establish which region of Srv2p/ CAP was required for ROS accumulation, we carried out a structure-function analysis. Plasmids expressing full-length Srv2p/CAP or various truncations of the protein were introduced into ⌬end3 ⌬srv2 cells (Fig. 4B) . The expression levels of replacement full-length Srv2p/CAP and all truncations were similar to those observed in wild-type cells on Western blots (data not shown). The replacement of full-length Srv2p/CAP in ⌬end3 ⌬srv2 cells restored ROS production to the levels observed in the ⌬end3 mutant (Fig. 4B) . Surprisingly, expression of the C-terminal actin binding domain of Srv2p/CAP alone (CAP⌬5) was able to restore ROS accumulation, to approximately 70% of that observed in ⌬end3 cells. When both the C-terminal actin binding and N-terminal adenylyl cyclase binding domains were expressed (CAP⌬7), ROS levels were restored to the levels in ⌬end3 cells. This suggests that although the C-terminal domain conveys most of the Srv2p/CAP activity required for ROS production in ⌬end3 cells, the adenylyl cyclase-binding N-terminal region also contributes. These data also demonstrate that the central polyproline domain, which is required for F-actin localization, is not required. The importance of the C terminus in ROS production is highlighted by the fact that a truncated protein containing the N terminus and only the last 26 amino acids of the C terminus (CAP⌬6) failed to restore ROS accumulation. Similarly, the expression of CAP⌬8, CAP⌬11, CAP⌬12, and CAP⌬14, which harbor deletions in the C terminus, also failed to restore ROS levels. However, expression of these truncations did result in ROS levels which were consistently higher than that observed in wild-type cells. Additionally, the CAP⌬15 truncation restored ROS levels to 53% of that observed in ⌬end3 mutant cells. These results suggest a role for regions outside the C terminus of Srv2p/CAP in actin-stabilized induction of ROS production (Fig. 4B ). F-actin staining was also carried out with ⌬end3 ⌬srv2 stationary-phase cells expressing the various Srv2p/CAP truncations (Fig. 4C) . Mutant ⌬end3 cells displayed the characteristic actin aggregation phenotype, which was rescued by the deletion of Srv2p/CAP (Fig. 4C) . The reintroduction of full-length Srv2p/CAP restored actin aggregation, as did the expression of CAP⌬5 and CAP⌬7. The expression of all other truncations led to a phenotype similar to that of ⌬end3 ⌬srv2 cells. To demonstrate this, the staining of F-actin in ⌬end3 ⌬srv2 cells expressing CAP⌬15 is shown. It should be noted that the expression of CAP⌬5 in wild-type cells had no observable effect on F-actin staining or ROS production (data not shown). This suggests that the C-terminal region of Srv2p/CAP does not exhibit dominant functionality in wild-type cells, in agreement with previous studies (23) . Elevation of cAMP leads to actin-mediated apoptosis. The overexpression of PDE2 can prevent apoptosis in actin-stabilized cells (13) . We therefore asked whether the elevation of cAMP alone is sufficient to give rise to the actin and mitochondrial phenotypes observed in actin-stabilized cells. It has been reported that the addition of exogenous cAMP to cells lacking PDE2, at concentrations from 3 to 5 mM, leads to phenotypes similar to those observed for mutants exhibiting constitutive 
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Ras signaling (7, 24) . The same levels of cAMP have no observable effects on wild-type cells. We therefore grew wild-type and ⌬pde2 cells to stationary phase in the presence of 4 mM cAMP and observed the effects on actin organization, the MMP, and ROS accumulation. The addition of 4 mM cAMP caused no observable defects in actin organization in wild-type cells (data not shown). Stationary-phase cells lacking Pde2p displayed a largely wild-type F-actin arrangement, with numerous punctate, cortical actin patches to which Srv2p colocalized (Fig. 5A) . However, approximately 50% of ⌬pde2 cells possessed abnormal, elongated F-actin structures, an example of which is indicated by an arrowhead in Fig. 5A . In contrast, the addition of 4 mM cAMP to cells lacking Pde2p resulted in profound alterations in the F-actin appearance (Fig. 5A) . Both large cortical actin aggregates and aberrant long, thickened actin cable-like structures were observed (Fig. 5A ). Srv2p/ CAP, which is only found in cortical actin patches, localized to the F-actin aggregates but not to the thickened cables. These observations suggest that the addition of cAMP to ⌬pde2 cells leads to the stabilization of both actin patches and cables.
Wild-type cells grown in the presence of cAMP also showed no increase in ROS accumulation (Fig. 5B) . In contrast, ⌬pde2 cells displayed elevated ROS levels, which were further stimulated when cAMP was added (Fig. 5B) . Wild-type cells (Fig. 5C ). However, cells in which PDE2 had been deleted exhibited a significant reduction in stationary-phase MMP compared to that in wild-type cells (Fig. 5C ). This reduction was further compounded when cells were grown in the presence of exogenous cAMP (Fig. 5C ). The addition of 4 mM AMP, which was used as a negative control, had no observable phenotypic effects on wild-type cells or cells lacking Pde2p (data not shown). cAMP-induced actin stabilization and ROS production are mediated through PKA. The target of cAMP is the regulatory kinase PKA, which has three potential catalytic subunits, encoded by TPK1-3. We therefore made double mutant strains lacking PDE2 and one of the three PKA subunits. We wanted to investigate whether the elevation of cAMP required the function of a single subunit to induce actin stabilization and apoptosis. We therefore deleted each subunit from a strain lacking Pde2p and subjected the mutants to cAMP elevation as described above (Fig. 6A) . Wild-type cells grown to stationary phase with or without the addition of 4 mM cAMP exhibited normal punctate cortical actin staining. As described above, ⌬pde2 cells were observed to have relatively normal F-actin cytoskeletons, with a proportion of cells displaying aberrant elongated structures. The addition of 4 mM cAMP to ⌬pde2 cells caused a thickening of actin patches and cables, as described above. In cells lacking Pde2p, the loss of Tpk1p led to abnormal F-actin staining, even without the addition of exogenous cAMP (Fig. 6A) . The addition of 4 mM cAMP to cells lacking both Pde2p and Tpk1p resulted in the enlargement of actin aggregates and further cable thickening (Fig. 6A) . Cells deleted for Tpk2p and lacking Pde2p exhibited wild-type actin cytoskeletons under normal growth conditions but displayed actin stabilization when grown in the presence of additional cAMP (Fig. 6A) . Strikingly, the loss of Tpk3p function in cells lacking Pde2p rendered cells unresponsive to the addition of cAMP, and F-actin organization in this mutant appeared similar to that in the wild type, with or without the addition of cAMP (Fig. 6A) .
We also measured the effects of cAMP elevation on MMP in these mutants by DiOC 6 staining. Wild-type cells showed no difference in MMP when grown in the presence of cAMP (Fig.  6B) . A reduced level of DiOC 6 staining was observed in ⌬pde2 cells, which was further reduced in the presence of exogenous 4 mM cAMP. Strikingly, MMP was undetectable by DiOC 6 staining in cells lacking both Pde2p and Tpk1p functions under both normal growth conditions and conditions in the presence of 4 mM cAMP (Fig. 6B) . Cells lacking both Pde2p and Tpk2p functions also displayed a reduced MMP under normal growth conditions, and this was reduced further when cells were grown with 4 mM cAMP (Fig. 6B) . In contrast, cells lacking Pde2p and Tpk3p were insensitive to cAMP addition and maintained their MMP (Fig. 6B) . We then examined the effect of cAMP addition on ROS production in wild-type, ⌬pde2 ⌬tpk1, ⌬pde2 ⌬tpk2, and ⌬pde2 ⌬tpk3 cells (Fig. 6C) . In wild-type cells, the addition of cAMP did not cause an increase in ROS, while cells lacking both Pde2p and Tpk1p exhibited high ROS levels (Fig.  6C) . The presence of 4 mM cAMP also induced an increase in the ROS level in ⌬pde2 ⌬tpk2 cells compared to that in the wild type, but the level was lower than that observed for ⌬pde2 ⌬tpk1 cells. In line with the insensitivity of ⌬pde2 ⌬tpk3 cells to cAMP addition, the ROS level in this mutant strain appeared similar to that observed in wild-type cells (Fig. 6C) . Since the loss of mitochondrial membrane potential and increased ROS levels are indicators of apoptosis, we would expect reductions in culture viability to correlate with the above observations. The effect of cAMP addition on viability was therefore assessed (Fig. 6D) . Wild-type cells grown in the presence of 4 mM cAMP showed a high level of viability (74% Ϯ 3.5%). Cells lacking Pde2p grown under the same conditions had a marked reduction in culture viability (51% Ϯ 6.4%). The largest reduction in viability was observed when cells lacking both Pde2p and Tpk1p were grown in the presence of 4 mM cAMP (32% Ϯ 9.6%). Mutant ⌬pde2 ⌬tpk2 cells showed some resistance to cAMP addition, displaying a culture viability of 64% Ϯ 7.5%. Cells lacking Pde2p and Tpk3p again appeared unresponsive to exogenous cAMP addition, showing wild-type levels of viability (80% Ϯ 6.1%).
Our data demonstrate that the addition of exogenous cAMP can stabilize the F-actin cytoskeleton. We therefore wished to test whether cAMP elevation itself could lead to the localization of Ras2p to the plasma membrane in stationary-phase cells. To examine this possibility, we grew ⌬pde2 cells to stationary phase in the presence of 4 mM cAMP and observed both F-actin and Ras2p localization (Fig. 6E) . Although stabilized F-actin aggregates were clearly observed under these conditions, Ras2p did not become localized to the plasma membrane (Fig. 6E) .
Tpk3p is required to execute actin-mediated apoptosis in ⌬end3 cells. The addition of exogenous cAMP to ⌬pde2 cells gives rise to a similar phenotypic suite to that observed in actin-stabilized ⌬end3 cells. Since Tpk3p is required for the detrimental effects of cAMP elevation in ⌬pde2 cells, we investigated what effects deletion of TPK3 would have in ⌬end3 cells. To investigate this, a double mutant strain lacking both End3p and Tpk3p functions (⌬end3 ⌬tpk3) was generated. Initially, F-actin organization was analyzed in these cells in the stationary phase of growth. The deletion of TPK3 in actinstabilized ⌬end3 cells resulted in a significant reduction in the F-actin aggregation observed in cells lacking End3p (Fig. 7A) . To confirm that the loss of Tpk3p function resulted in an increase in the dynamic state of the actin cytoskeleton, we carried out a LAT-A halo assay as described in Materials and Methods (Fig. 7B) . The clearance zone that arises in this assay is a reflection of how accessible the monomeric actin pool is to the sequestering activity of LAT-A and so acts as an indicator of how rapidly actin is being turned over in the cell. The reduction in sensitivity which ⌬end3 cells display, represented by a halo with a smaller diameter than that of the halo surrounding wild-type cells, occurs as a result of stabilized actin and decreased monomer turnover. As shown, cells lacking both END3 and TPK3 display a 5 mM LAT-A clearance halo with a diameter that is intermediate between those of the halos exhibited by wild-type and ⌬end3 cells (Fig. 7B) . This confirms the previous observation that Tpk3p plays a role in the stabilization of actin and the formation of aggregates in stationaryphase ⌬end3 cells. We then wished to examine whether Tpk3p was required for actin-mediated apoptosis in ⌬end3 cells. In favor of this hypothesis, we observed a substantial reduction in ROS accumulation in stationary-phase ⌬end3 ⌬tpk3 cells compared to that in the ⌬end3 single mutant strain (Fig. 7C ). It was recently described that an increase in vacuole membrane per-VOL. 26, 2006 STABILIZED ACTIN LEADS TO Ras ACTIVATION AND APOPTOSIS 6495 meability is observed in apoptotic yeast cells (22) . This can be monitored by visualizing the distribution of the vacuolar protease Pep4p, using a GFP fusion molecule (Fig. 7D) . GFPPep4 localized exclusively to the vacuolar compartment in stationary-phase wild-type cells. However, in apoptotic cells lacking End3p, GFP-Pep4 was diffuse throughout the cell, indicating an increase in vacuole permeability (Fig. 7D ). In line with the hypothesis that Tpk3p is required for apoptosis in ⌬end3 cells, the GFP-Pep4 distribution was constrained to the vacuole in ⌬end3 ⌬tpk3 cells (Fig. 7D) . Thus, Tpk3p plays a significant role in actin aggregation and ROS generation in ⌬end3 cells. The loss of Tpk3p activity in ⌬end3 cells was also sufficient to restore culture viability (Fig. 7E) . We also examined whether ⌬end3 ⌬tpk3 cells displayed reduced levels of cAMP compared to those in ⌬end3 cells (Fig. 7F) . We found that although a small decrease in cAMP level was observed in ⌬end3 ⌬tpk3 cells (419 Ϯ 63 fmol cAMP per 10 7 cells) compared to that in ⌬end3 cells (452 Ϯ 60 fmol cAMP per 10 7 cells), the difference was not statistically significant (Fig. 7F) , and the level remained elevated compared to that observed in wild-type cells (233 Ϯ 50 fmol cAMP per 10 7 cells). These data strengthen the argument that a pathway leading from actin stabilization leads to the activation of Ras signaling and apoptosis mediated by PKA, primarily through the Tpk3p subunit.
DISCUSSION
The coordination of cell growth and stress responses with environmental conditions is central to survival. In fungi, the regulation of Ras/cAMP/PKA signaling is integral to the man- FIG. 6 . cAMP elevation signals through the Tpk3p subunit of PKA to induce actin aggregation and apoptosis. Rhodamine-phalloidine staining was used to visualize F-actin (A) and MMP was assessed using DiOC 6 staining (B) by fluorescence microscopy of wild-type, ⌬pde2, ⌬tpk1 ⌬pde2, ⌬tpk2 ⌬pde2, and ⌬tpk3 ⌬pde2 cells which had been grown to stationary phase in the presence or absence of 4 mM cAMP. (C) ROS accumulation was also assayed, using H 2 DCF-DA, by flow cytometry of wild-type, ⌬tpk1 ⌬pde2, ⌬tpk2 ⌬pde2, and ⌬tpk3 ⌬pde2 cells grown to stationary phase in the presence of 4 mM cAMP. Histograms of single representative experiments are shown. (D) We also assessed the effects of growing wild-type, ⌬pde2, ⌬tpk1 ⌬pde2, ⌬tpk2 ⌬pde2, and ⌬tpk3 ⌬pde2 cells to stationary phase in the presence of 4 mM cAMP on culture viability. Error bars represent standard deviations from triplicate experiments. (E) To investigate whether an elevation of the cAMP level resulted in the activation of Ras2p, the localization of Ras2p was assessed in ⌬pde2 cells which had been grown to stationary phase in the presence of 4 mM cAMP. F-actin architecture was also assessed in these cells by rhodamine-phalloidine staining, and a merged image is also presented. Bar ϭ 10 m.
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on May 1, 2016 by guest http://mcb.asm.org/ agement of metabolic activity in response to external cues (33) . The remodeling of the actin cytoskeleton is also an important event in the response to environmental change. The data we present here demonstrate for the first time that actin regulation and cAMP signaling are linked in a pathway which regulates mitochondrial function, the accumulation of ROS, and apoptosis in yeast (Fig. 8) . The cortical patch proteins Sla1p and End3p exist in a complex which regulates the dynamic nature of cortical actin patches (1, 3, 31) . In cells lacking these proteins, actin dynamics are reduced, and aggregated F-actin structures arise (1, 3) . This aggregation becomes particularly pronounced when actin-stabilized ⌬end3 and sla1⌬118-511 cells enter the stationary phase of growth (13 TPK3 is required for actin aggregation and ROS accumulation in ⌬end3 cells. F-actin staining was visualized using rhodaminephalloidin staining (A), and ROS accumulation was assayed using H 2 DCF-DA for flow cytometry (C) of stationary-phase ⌬end3 and ⌬end ⌬tpk3 cells. (B) To further assess the effect of the loss of Tpk3p activity on actin dynamics in ⌬end3 cells, a LAT-A halo sensitivity assay was carried out as described in Materials and Methods. The role of Tpk3p in apoptosis was investigated by observing the localization of GFP-Pep4 (D) and by conducting a viability assay (E) with wild-type, ⌬end3, and ⌬end ⌬tpk3 cells. (F) To determine whether the loss of Tpk3p function led to reduced Ras/cAMP signaling activity, the levels of cAMP were determined in wild-type, ⌬end3, and ⌬end ⌬tpk3 cells. Bar ϭ 10 m. (15) . The regulation of Ras signaling has also been shown to regulate apoptosis in the pathogenic yeast C. albicans, suggesting a conserved role for this pathway among fungi (25) . The effective transduction of Ras signaling through adenylyl cyclase requires Srv2p/CAP. Srv2p/CAP exhibits both adenylyl cyclase-activating and actin binding and regulatory functions. While a role for Srv2p/CAP in coupling Ras pathway activity to remodeling of actin has been an attractive hypothesis for many years, no clear evidence for this role exists. Here we have shown that both the G-actin-binding C terminus and the cyclase-binding N terminus of Srv2p/CAP are required for maximal ROS accumulation in actin-stabilized ⌬end3 cells. ROS accumulation appears to arise as a consequence of unregulated cAMP signaling in ⌬end3 cells. Surprisingly, the expression of the N terminus of Srv2p/CAP, which is capable of transducing the active Ras signal, was found to play a lesser role in ROS accumulation and actin aggregation than that of the G-actinbinding C-terminal domain. The C terminus alone was sufficient to induce actin aggregates and high levels of ROS in actin-stabilized cells. These data provide the first evidence that Srv2p/CAP can link the regulation of actin to the Ras signaling pathway. In wild-type cells, it may be the case that actin remodeling upon entry into stationary phase ensures that components of the Ras signaling pathway are separated, resulting in downregulation of the pathway. In actin-stabilized cells, actin aggregates may be formed as a result of Srv2p/CAPinduced "seeds," which bring together Cyr1p and Ras2p in an inappropriate signaling module (Fig. 8) . A proportion of the Cyr1p detectable by immunofluorescence was found in association with actin aggregates, as was Srv2p/CAP. Since active Ras2p localizes around the entire cell in punctate formations, aggregations containing Cyr1p and Srv2p/CAP may exhibit unregulated cAMP signaling. It is likely that cAMP elevation is a major contributory factor in the toxicity observed in actinstabilized cells. In support of this, the overexpression of PDE2, whose product hydrolyzes cAMP to AMP, in actin-stabilized cells resulted in reduced ROS levels and the rescue of viability (13) . We were able to demonstrate the effects of cAMP elevation directly by the addition of exogenous cAMP to a responsive ⌬pde2 strain. The elevation of cAMP had a profound effect on actin organization in cells grown to stationary phase. These cells exhibited thickened actin cables and aggregates of cortical actin. In addition, a loss of mitochondrial membrane potential and the accumulation of ROS were observed. The similarity of these phenotypes to those displayed by ⌬end3 and sla1⌬118-511 cells is good evidence that hyperactivity of the Ras pathway is a major factor in yeast actin-mediated apoptosis. It should be noted, however, that actin-stabilized ⌬end3 and sla1⌬118-511 cells showed greater elevations of ROS than that induced by cAMP addition alone and did not exhibit thickened actin cables. It may be the case that cAMP elevation has a general role in stabilization of the actin cytoskeleton and has the effect of exacerbating existing structures. Cortical Factin patches are enlarged in ⌬end3 and sla1⌬118-511 cells during exponential growth, and this may provide the basis for the larger actin aggregates seen in stationary-phase cells. The presence of large aggregates correlates with higher levels of ROS and thus is more toxic to the cell. The reduction in mitochondrial membrane potential and increase in ROS level when cAMP levels are elevated occur as a result of PKA activity. These effects are mediated primarily through the Tpk3p subunit, although Tpk2p also appears to contribute. Interestingly, the deletion of TPK1 rendered ⌬pde2 cells hypersensitive to cAMP addition, implicating Tpk1p in a protective role against apoptosis in S. cerevisiae. The deletion of TPK3 from cells lacking Pde2p function rendered the strain insensitive to cAMP addition in terms of MMP depolarization, ROS accumulation, and actin aggregation. Additionally, actinstabilized ⌬end3 cells displayed greatly reduced ROS production and actin aggregation in stationary phase when Tpk3p function was absent. ROS accumulation occurs in actin-stabilized cells as a result of electron transport chain activity, as their production could be prevented by the complex III inhibitor antimycin A (13) . This therefore suggests that actin stabilization leads to mitochondrial dysfunction. Recent research has shown that Tpk3p is the PKA subunit primarily involved in the regulation of the mitochondrial enzyme content (4) . We have shown that actin stabilization leads to the Tpk3p-dependent production of ROS. It is quite likely that a Tpk3p-induced imbalance of electron transport chain components contributes to the accumulation of toxic radicals in actin-stabilized cells. Our evidence also suggests that Tpk3p may have cytoskeletal targets, as its loss inhibited actin aggregation in ⌬end3 cells. Several cytoskeletal proteins contain PKA consensus sites, including Bbc1p and Bzz1p, which both regulate actin dynamics through interactions with the S. cerevisiae WASP homologue Las17p and with Sla1p (28, 30) . The elevation of intracellular cAMP levels by exogenous addition to cells lacking Pde2p was also able to stabilize F-actin structures, leading to thickened cortical patches and cables. This effect was also Tpk3p dependent, providing further evidence that the yeast actin cytoskeleton can be regulated by protein kinase A activity. An attractive hypothesis is that reduced actin dynamics lead to Ras activation and consequential cAMP elevation, which stabilizes F-actin structures further and causes the establishment of a positive feedback loop which climaxes in apoptosis. However, cAMP levels were not significantly reduced in ⌬end3 ⌬tpk3 cells, which is not consistent with the presence of such a positive feedback loop. In addition, the addition of exogenous cAMP to ⌬pde2 cells did not lead to observable Ras2p localization to the plasma membrane. These data argue that a more linear pathway exists (Fig. 8) , in which cAMP-induced actin stabilization may contribute to the execution of apoptosis, as opposed to triggering further Ras signaling.
The data we have presented provide clear evidence that actin regulation plays an important role in the regulation of Ras/cAMP/PKA signaling and apoptosis during stationary phase in S. cerevisiae. The actin cytoskeleton plays a pivotal role in many eukaryotic signaling pathways, and thus an alteration in its regulation will likely have a significant impact on a cell's efficiency at responding to a changing environment. This and the discovery that actin dynamics are linked to apoptosis regulation promote the hypothesis that the actin cytoskeleton can be used as a biosensor of cellular well-being and a mechanism by which aged cells can be pruned from a mixed population.
